Kinetochore attachments to microtubules are tight enough to move chromosomes, yet the microtubules' plus ends must remain dynamic and reposition within the attachment pocket during depolymerization-coupled movement. Kinetochores are unable to bind microtubules after any of the four subunits of the Ndc80 complex are knocked down [2, 4] ; however, because the Ndc80 complex has important structural roles [1] [2] [3] , it is unclear whether it directly mediates kinetochore-microtubule attachments. The Ndc80
Kinetochore attachments to microtubules are tight enough to move chromosomes, yet the microtubules' plus ends must remain dynamic and reposition within the attachment pocket during depolymerization-coupled movement. Kinetochores are unable to bind microtubules after any of the four subunits of the Ndc80 complex are knocked down [2, 4] ; however, because the Ndc80 complex has important structural roles [1] [2] [3] , it is unclear whether it directly mediates kinetochore-microtubule attachments. The Ndc80
Hec1 subunit (Hec1) has a microtubule-binding site composed of both an unstructured N-terminal tail and a calponin homology domain [5] [6] [7] . Here, we show that, surprisingly, the N-terminal tail is sufficient for microtubule-binding affinity in vitro. The interaction is salt sensitive, and the positively charged Hec1 tail cannot bind microtubules lacking negatively charged tails. We have replaced the endogenous Hec1 subunit with a mutant lacking the N-terminal tail. These cells assemble kinetochores properly but are unable to congress chromosomes, generate tension across sister kinetochores, or establish cold-stable kinetochore-microtubule attachments. Our data argue that the highest affinity interactions between kinetochores and microtubules are ionic attractions between two unstructured domains. We discuss the importance of this finding for models of repositioning of microtubules in the kinetochore during depolymerization.
Results
How a kinetochore can generate microtubule attachments strong enough to move chromosomes but also control microtubule dynamics is an important question. Kinetochores contain more than 60 proteins, including more than ten that can directly interact with microtubules in vitro [8] . The Ndc80 complex is localized to kinetochores and is important for most kinetochore functions. It contains four subunits, Hec1, Nuf2, Spc24, and Spc25 [3, 9] . The N terminus of Hec1 can directly bind microtubules, and the complex is required to generate stable microtubule attachments and congress chromosomes in all tested model systems [8] . However, the direct contribution of the Ndc80 complex to these functions is confounded by its structural role at kinetochores. After depletion of the Ndc80 complex, vertebrate kinetochores cannot assemble most outer kinetochore and fibrous corona proteins, including Zwint1, Rod, ZW10, Dynein, Dynactin, Mad1, and Mad2 [2, 3, 10] . Moreover, the outer-plate kinetochore structure that is seen by conventional electron microscopy is highly disorganized after small interfering RNA (siRNA) knockdown of the Nuf2 subunit [1] .
The crystal structure of an engineered Ndc80 complex has recently been solved [6] . Hec1 has an 80 amino acid unstructured tail, followed by a calponin homology (CH) domain. Hec1 then interacts with Nuf2 through a long coiled coil. The C termini of this dimer form a tetramerization domain with the N-terminal coils of Spc24 and Spc25 [11] . Interestingly, the N terminus of Nuf2 also contains a CH domain [6] . Within the kinetochore, the Ndc80 complex is oriented with the Spc24 and Spc25 globular heads toward the inner kinetochore and the double CH domain formed by Hec1 and Nuf2 extending outward [12] . Because the CH domain is also found in a classic plus-end tip-tracking protein, EB1 [13] , most models suggest that this is the critical domain for microtubule attachment. Formal proof of this model requires identification of mutants of the Ndc80 complex that assemble kinetochores but do not bind microtubules.
The Ndc80 complex directly binds microtubules in vitro. The affinity of the S. cerevisiae Hec1 and Nuf2 dimer is reduced 10-fold when the Ndc80 N-terminal tail is removed [7] , and similarly, in an engineered human Ndc80 complex, the deletion of the Hec1 tail reduces microtubule binding 100-fold [6] . Point mutations of the Hec1 CH domain also reduce microtubule binding, albeit to a lesser extent than the tail deletion. We were interested in whether the N-terminal tail participates with the CH domain to generate a binding site or whether the tail binds microtubules on its own. To distinguish between these models, we used the following recombinant proteins: the N terminus of Hec1 containing both the tail and the CH domain (Hec1 1-230), the CH domain only (Hec1 81-230), and the tail only (Hec1 1-80) ( Figure S1 available online). Each recombinant Hec1 protein (100 nM) was incubated with increasing concentrations of taxol-stabilized microtubules (100 nM to 6 mM) in a buffer containing physiological salt concentrations and sedimented through a glycerol cushion for separating microtubulebound from unbound Hec1. Supernatant and pellet samples were collected and analyzed by western blotting ( Figure 1A ). We generated a peptide antibody against amino acids 48-71 of Hec1 to detect Hec1(1-80) ( Figure S4 ). The amount of Hec1 bound to microtubules was expressed as the percentage of Hec1 signal in the pellet compared to the total amount of Hec1 ( Figure 1B) . The Ndc80 complex displays cooperativity in binding to microtubules [5, 6] The N-terminal tail of Hec1 contains 15 positively charged amino acids (net ten positive charges at neutral pH). In contrast, both a and b tubulin subunits have negatively charged unstructured C-terminal tails (b1 subunit has ten negative charges). We tested whether Hec1 requires the tubulin tails to bind microtubules. We digested taxol-stabilized microtubules with subtilisin to produce microtubules lacking the b-tubulin tail ( Figure S2A ) [14] . In cosedimentation assays, none of the Hec1 proteins were able to bind to tail-less microtubules ( Figure S2B ) as seen previously [6] . The subtilisin-digested microtubules were able to sediment, as were those formed It is possible that the tail interacts with both the microtubule and the CH domain. To test this, we titrated Hec1(1-80) into a microtubule-binding assay with 100 nM Hec1(81-230) and 6 mM tubulin. We could not identify a concentration of Hec1(1-80) that was able to increase the binding of the CH domain to microtubules, arguing for independent binding affinities for the two domains ( Figure S3 ).
To determine the significance of the microtubule binding by the N-terminal tail, we developed a protocol to deplete endogenous Hec1 by siRNA and express siRNA-insensitive Hec1 (wild-type [WT] rescue) or Hec1 lacking the N-terminal tail (DN rescue). HeLa cells were synchronized by double thymidine block and transfected with siRNA and rescue plasmid as outlined in Figure 2A . This ensured that we observed the first mitosis after Hec1 replacement and generated a large population of cells traversing mitosis. Hec1 protein levels were reduced >95% as detected by western blot. Nuf2 was also reduced by approximately 95%, whereas Spc24 and Spc25 levels did not change after Hec1 siRNA knockdown ( Figure S5B) .
Because Hec1 plays a structural role in the kinetochore, we first determined whether proteins mislocalized after Hec1 siRNA knockdown were assembled onto kinetochores after expression of WT Hec1 or the DN mutant. Kinetochore assembly was measured by immunofluorescence and expressed as the ratio between the kinetochore-protein signal and anticentromere antigen (ACA) signal. Only cells that regained endogenous Hec1 staining levels were analyzed ( Figure 2C ). Nuf2 protein levels are reduced after Hec1 siRNA knockdown, as determined by western blotting, and, as expected, Nuf2 signal is not seen at kinetochores in cells depleted of Hec1 ( Figure S6 ). Nuf2 signal was restored in WT and DN transfected cells, but because of the background signal, the extent of localization rescue could not be quantified. Interestingly, Spc24 and Spc25, thought to be the kinetochore-targeting subunits of the Ndc80 complex, do not localize to kinetochores after Hec1 siRNA knockdown ( Figure 2B ), even though the protein levels are unchanged ( Figure S5B ). Spc24 and Spc25 kinetochore staining is restored to control levels when either Hec1 WT or the DN mutant are expressed ( Figure 2C ). These cells were also immunostained for ACA, a marker of inner kinetochores; Mad2, a spindle-checkpoint protein; Knl1, a microtubule-binding protein; Nnf1, a member of the Mis 12 complex; CENP-F, a fibrous corona protein; and Rod, a member of the RZZ complex ( Figure 2B ). Both WT and DN rescue restored the localization of Mad2, CENP-F, and Rod to control levels ( Figure 2C ). Knl-1 and Nnf1 were present when Hec1 was depleted and were not displaced after either the WT or DN rescue ( Figure 2B ). We conclude that the kinetochore is intact when Hec1-depleted cells are rescued by either WT or DN Hec1.
To determine whether the N-terminal tail is required for kinetochore-microtubule attachments in vivo, we analyzed cells rescued for Hec1 expression for spindle morphology and chromosome alignment by immunofluorescence staining of cells for tubulin, Hec1, and ACA. Cells depleted of Hec1 and rescued with enhanced green fluorescent protein as a control (siHec1) showed characteristic phenotypes of Hec1 knockdown, including increased spindle length and poor chromosome congression ( Figure 3A) . Chromosome congression was quantified as the percentage of mitotic cells that were able to align chromosomes to produce a metaphase plate in three independent experiments ( Figure 3B ). Of control cells, 38.3% 6 0.04% were in metaphase, whereas only 1.9% 6 0.02% of siHec1 cells were in metaphase. This phenotype is rescued in cells expressing WT Hec1, but not in cells expressing the DN mutant. Of WT rescue cells, 38.3% 6 0.06% were in metaphase, whereas only 1.3% 6 0.02% of DN rescue cells were in metaphase. The kinetochore is not able to align chromosomes without the N-terminal tail of Hec1.
Kinetochore-microtubule attachments generate tension and separate sister kinetochores. As a readout for stable attachment, we measured the interkinetochore distance between sister chromatids in cells expressing different Hec1 proteins. For each rescue condition, ten kinetochores were measured in ten cells for both early prometaphase and metaphase from three independent experiments. Late-prometaphase cells often had tilted spindles such that sister kinetochores were rarely in the same focal plane, making distance measurements difficult. Control cells had an average interkinetochore distance of 0.7 6 0.10 mm in prometaphase and 1.6 6 0.21 mm in metaphase ( Figure 3C ). Cells rescued with WT Hec1 had similar interkinetochore distances in both prometaphase and metaphase, 0.8 6 0.12 mm and 1.4 6 0.09 mm, respectively. Hec1-depleted cells were all in prometaphase and had an average interkinetochore distance of 1.0 6 0.05 mm, similar to that of control cells in nocodazole (0.9 6 0.10 mm). Because the DN rescue cells were unable to align chromosomes and had Mad2 staining on the majority of kinetochores (data not shown), they were scored as prometaphase and had an average interkinetochore distance of 1.0 6 0.06 mm. Interkinetochore distances in siHec1 and DN rescue cells are slightly higher than those of control and WT rescue cells in early prometaphase. This is most likely due to dynein, which is active at kinetochores even when the binding activity of Hec1 is blocked [15] . The kinetochore is not able to generate interkinetochore tension without the N-terminal tail of Hec1.
Most microtubules depolymerize when cells are lysed in ice-cold buffer; however, microtubules embedded in the outer kinetochore plate or pole-to-pole microtubules are resistant to this treatment. Cells were incubated in ice-cold media for 10 min prior to fixation and then processed for immunofluorescence for Hec1, tubulin, and ACA. Stable attachments were scored by quantifying the number of kinetochores that had bundles of associated tubulin in early prometaphase, late prometaphase, and metaphase ( Figure 4A ). Ten kinetochores were scored from five or more cells for each condition in two independent experiments. In control HeLa cells, the percentage of kinetochores that had associated tubulin bundles increased as they traversed mitosis from 26% 6 18% in early prometaphase, to 98.4% 6 3.9% in late prometaphase, to 100 6 0.0% in metaphase ( Figure 4B ). Similarly, WT rescue kinetochores were found to have cold-stable microtubules that end at kinetochores in 23.2% 6 13.1% in early prometaphase, 97.2% 6 4.2% in late prometaphase, and 98.8% 6 1.9% in metaphase. In contrast, only 3.1% 6 3.3% of kinetochores in Hec1-depleted cells had associated microtubules, and this was only slightly increased in DN rescue cells at 10.5% 6 6.5%. The N terminus of Hec1 is required to form stable kinetochore-microtubule attachments.
Discussion
After loss of function of the Ndc80 complex, cells from all tested species lose end-on attachments and the chromosome movements powered by the depolymerization of microtubules [16] . It was unclear in all of these studies whether these phenotypes were caused by structural or direct roles of the complex. Our data argue that the unstructured N-terminal tail of Hec1 directly binds the unstructured C-terminal tails of tubulin. Cells knocked down of the endogenous Hec1 and expressing a mutant lacking this microtubule-binding motif were unable to productively bind microtubules, generate interkinetochore tension, or congress chromosomes. The lack of microtubule attachments was not caused by improper kinetochore assembly. Ten different proteins, representing different areas of the kinetochore, all localize to endogenous levels in cells expressing this Hec1DN mutant. We conclude that the Hec1DN mutant separates the structural and microtubule-binding roles of the protein, and our data argue strongly that the Hec1 tail is the critical attachment point for depolymerization-coupled movements of chromosomes.
How can the interactions between an unstructured tail on microtubules and a second one on Hec1 generate a tight enough interface to move a chromosome? The microtubule tails are highly negatively charged (i.e., ten acidic amino acids in b1), and the Hec1 tail contains 15 basic amino acids and a net charge of +10. The interaction is ionic because it is salt sensitive. Although the two tails can tightly interact at a physiological salt concentration of 100 mM KCl, the interaction was lost when the binding assays were performed in 200 mM KCl. Kinetochores are thought to contain at least eight Hec1 proteins per microtubule [17] , generating the potential for 80 ionic interactions on a single microtubule or approximately 1600 per human kinetochore. Further experimentation is required to clarify whether these tails remain unstructured after binding or whether they form a structured binding interface.
In 1985, Hill proposed that kinetochores could bind microtubules through a large number of weak interactions between the kinetochore and the lateral sides of the microtubule plus end [18] . He demonstrated mathematically that such a sleeve could allow repositioning of the microtubule during depolymerization while simultaneously generating the force needed for chromosome movement. Our data provide the first working model for a ''Hill sleeve.'' We propose that the unstructured tails of Hec1 and microtubules bind through numerous charge-based interactions. Moreover, chromosome repositioning would be powered by burying the positive charge of Hec1 tails that would become exposed as microtubules depolymerize. The flexibility of unstructured tails could facilitate the repositioning of microtubules by allowing movement while maintaining attachment.
The CH domains are still present in our DN mutant and thus are not sufficient for stable microtubule binding in vivo. However, our experiments do not suggest that the CH domain of Hec1 is unimportant. Although under our conditions the CH domain cannot bind microtubules, a recent study argues that the CH domain can contribute to in vitro binding when the tail is present [6] . These studies contained Nuf2 and Hec1 CH domains, lower salt concentrations, and 10-fold higher concentrations of proteins, all of which may drive protein interactions. At kinetochores, the local concentration of the Ndc80 complex and microtubules may be high enough for the CH domain to productively bind on its own. Future studies must be directed toward understanding whether the unstructured tail of Hec1 and the CH domain work together to generate a mature attachment site and mediate depolymerization-coupled movements.
Experimental Procedures
Recombinant Protein Expression and Purification Hec1 WT (aa 1-230), Hec1 DN (aa 81-230), and Hec1 N-term (aa 1-80) were cloned into pET28a and purified on Ni-NTA agarose (QIAGEN). All recombinant proteins were exchanged into dilution buffer (100 mM KCl, 10 mM Na-HEPES, 1 mM EDTA, 1 mM DTT, 1 mM MgCl 2 , 0.1 M CaCl 2 , and 10% glycerol).
Microtubule Polymerization and Subtilisin Digestion
Phosphocellulose-purified (PC) tubulin was polymerized to microtubules as previously described [19] . For cleaving primarily b-tubulin tails, microtubules were digested with subtilisin A (Sigma) at 1:100 (w/w) for 30 min at 37 C and quenched with 1 mM PMSF for 30 min at 30 C. Microtubules were resuspended in dilution buffer supplemented with 40 uM taxol.
Microtubule Cosedimentation Assays
Cosedementation assays were performed in dilution buffer with 10 mM taxol as previously described [5] .
Western Blotting, Slot Blotting, and Quantification For determining Hec1 knockdown levels and microtubule binding, western blotting was performed as previously described [3] . For slot blotting, supernatant and pellet samples in SDS sample buffer were diluted to 500 ml in PBS and transferred to Immobilon-P Transfer Membrane (Millipore) with a Minifold I Microsample Filtration Manifold (Schleicher and Schuell). WT and DN proteins were immunodetected by anti-Hec1 (GTX70268, GeneTex), and the Hec1 N terminus (aa 1-80) was detected by anti-Hec1(48-71). The Hec1 peptide antibody was produced as previously described [20] . Densitometry was carried out with ImageQuant TL (Amersham Biosciences). The percentage of Hec1 bound to microtubules was expressed as pellet signal divided by total supernatant and pellet signal. where B max = the maximum specific binding, Y = the bound concentration, X = total concentration, h = the hill slope, and K d = the concentration for half-maximum binding. The substitution of the total minus the bound concentration (X2Y) to represent the unbound concentration allows the Hec1 and tubulin to be of comparable magnitude. The amount bound was then calculated with a numerical root finder. The 95% confidence intervals of the resulting parameter values were determined by a bootstrap method.
Cell Culture
HeLa cells (ATCC) were maintained in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum in a humidified incubator at 37 C with 5% CO 2 . For synchronization, cells were seeded in media containing 2 mM thymidine for 24-36 hr, released into fresh media for 12 hr, arrested again in 2 mM thymidine for 12 hr, released for 12 hr, and fixed for immunofluorescence. Hec1 siRNA sequence was used as previously described [21] . For rescue expression, all FLAG-Hec1 constructs were rendered insensitive to siRNA by changing four wobble bases in the siRNA-targeted sequence (forward primer 5 0 GGAAATTGCTAGAGTGGAG CTTGAGTGTGAAACAATAAAA and reverse primer 5 0 TTTTATTGTTTCACAC TCAAGCTCCACTCTAGCAATTTCC). For rescue experiments, cells were transfected with Lipofectamine 2000 (Invitrogen) at the first thymidine release with siRNA and rescue plasmid. Cells were transfected again at the second thymidine block with siRNA with RNAiMax (Invitrogen).
Immunofluorescence
Coverslips were cofixed and extracted in PHEM buffer containing 2% paraformaldehyde and 0.5% Triton X-100 for 20 min at room temperature or with ice-cold 100% methanol for 10 min on ice. For cold lysis, cells were incubated on ice in cold media for 10 min before fixation with paraformaldehyde. Antibodies used were anti-Hec1, anti-Nuf2, anti-Spc24 and anti-Spc25 [3] , anti-ACA (Antibodies Incorporated), FITC-conjugated antitubulin (DM1A, Sigma), anti-Nnf1 and anti-Knl1 (a gift from Arshad Desai), anti-CenpF and anti-Rod (a gift from Timothy Yen), and anti-Mad2 (a gift from Gary Gorbsky). The Nuf2 polyclonal antibody was produced against the full-length protein as previously described [2] . Immunostained cells were photographed with a spinning-disk confocal imaging system with a 63 3 1.4 NA Plan-Apochromatic Zeiss objective lens. The inverted microscope used was a Zeiss Axiovert 200 with a Perkin Elmer confocal attachment and a krypton/argon laser and AOTF control for detecting illumination at 488, 568, and 647 nm. Digital images were obtained with a Hamamatsu digital CCD camera. Image acquisition, shutters, and z slices were all controlled with UltraView RS imaging software (Perkin Elmer).
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